Introduction
============

Liver fibrosis is characterized by the excessive deposition of extracellular matrix, mainly type I collagen ([@b1-etm-0-0-5001]). Activated hepatic stellate cells (HSCs) are the major source of extracellular matrix, and activation of quiescent HSCs (q-HSCs) and their transformation into myofibroblasts (MFBs) are considered key steps in the onset of hepatic fibrosis ([@b2-etm-0-0-5001]--[@b4-etm-0-0-5001]).

NADPH oxidase (NOX) mediates transforming growth factor (TGF)-β-induced HSC activation and transformation to MFBs ([@b5-etm-0-0-5001]), and the Hedgehog (Hh) signaling pathway also plays an important role in quiescent HSC activation and transformation to MFBs ([@b6-etm-0-0-5001]). Studies have shown that inhibition of Rac1 (a NOX subunit) expression can reverse the pro-fibrotic effect of Hh signaling ([@b7-etm-0-0-5001]), suggesting that NOX might stimulate Hh signaling.

Ursolic acid (UA) is a pentacyclic triterpenoid, and our preliminary study showed that UA selectively induces apoptosis in activated HSCs and inhibits their proliferation *in vitro* ([@b8-etm-0-0-5001]). Wang *et al* ([@b9-etm-0-0-5001]) also found that UA causes apoptosis in culture-activated HSCs but not in isolated hepatocytes and q-HSCs. Subsequently, we found that UA inhibits leptin-mediated expression of NOX subunits in an activated rat HSC cell line (HSC-T6), thereby suppressing activation of downstream ERK, PI3K/Akt, and p38 MAPK signaling pathways ([@b10-etm-0-0-5001]). However, it remains unknown whether UA exerts an inhibitory effect on q-HSC activation and transformation. We hypothesized that UA impact q-HSC activation and transformation by interfering with expression of NOX and Hh pathway components. This study aimed to address this possibility and to explore the underlying mechanisms by identifying changes in NOX and Hh pathway expression.

Materials and methods
=====================

### Materials and reagents

The following reagents were used in this study: Pronase E (PE), Nycodenz, UA and diphenyleneiodonium chloride (DPI) were purchased from Sigma-Aldrich; Merck KGaA (Darmstadt, Germany). Type IV collagenase and fetal bovine serum (FBS) were purchased from Gibco; Thermo Fisher Scientific, Inc. (Waltham, MA, USA). DNase I was purchased from Generay Biotech Co., Ltd. (Shanghai, China). Recombinant human TGF-β1 was purchased from PeproTech, Inc. (Rocky Hill, NJ, USA). Dulbecco\'s modified Eagle\'s medium (DMEM) was purchased from Thermo Fisher Scientific, Inc. Antibodies against NOX2/gp91^phox^, p22^phox^, desmin, Rac1, sterol-4-alpha-methyl oxidase (Smo), Gli family zinc finger 2 (Gli2), and α-SMA were purchased from Abcam (Cambridge, MA, USA). Antibodies against p67^phox^ and sonic hedgehog (Shh) were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA). An anti-β-actin antibody and goat anti-rabbit secondary antibodies were purchased from Zhongshan Golden Bridge Biotechnology Co., Ltd. (Beijing, China). RNA simple Total RNA kit, Real Master Mix, and FastQuant RT kit were purchased from Tiangen Biotechnology Co., Ltd. (Beijing, China). Primers were synthesized by Beijing Genomics Institute (Beijing, China).

### Animals

Healthy adult male Sprague-Dawley (SD) rats (age 12--16 weeks, weighing between 380 and 450 g) were purchased from SJA Laboratory Animal Co., Ltd. (Hunan, China) and housed in plastic cages containing wood shavings in a room at 25°C with a 24-h day/night cycle and free access to a standard laboratory diet and water. The animal study protocol was approved by The National Health and Family Planning Commission. All procedures were reviewed and approved by the Ethics Committee of The First Affiliated Hospital of Nanchang University.

### Primary HSC isolation and identification

Primary quiescent HSCs were isolated by liver perfusion *in situ* and density gradient centrifugation. Perfusion was performed using D-Hanks buffer, protease E and collagenase IV. Centrifugation was performed with 28% Nycodenz. Trypan blue staining was performed to identify cellular activity. The purity and state (quiescent or activated) of the cells were determined by immune fluorescence, which was performed to observe intracellular expression of desmin and α-SMA, specific markers of quiescent and activated HSCs, respectively.

### Cell culture and treatment

Fresh primary q-HSCs were cultured in DMEM supplemented with 20% FBS in a humidified atmosphere of 5% CO~2~ at 37°C. After 48 h, the medium was replaced with DMEM supplemented with 10% FBS; the medium was similarly replaced every 48 h. The HSCs were randomly divided into the following 5 groups on the fifth day: Blank control (cultured in DMEM containing 10% FBS only), UA control (cultured in DMEM containing 40 µM UA), TGF-β1 (cultured in DMEM containing 5 µg/l TGF-β1), UA intervention (pretreated with medium containing 40 µM UA for 30 min and then stimulated with 5 µg/l TGF-β1), and DPI intervention (pretreated with 10 µM DPI (a NOX inhibitor) for 30 min and then stimulated with 5 µg/l TGF-β1). The cells were continuously cultured for 12 or 24 h before beginning the experiments.

### Real-time reverse transcription-polymerase chain reaction (PCR)

Cells in each group were harvested 12 h after treatment. Total RNA was extracted according to RNA simple Total RNA kit and reverse-transcribed into cDNA using FastQuant RT kit. PCR was performed in 96 well plates with SuperRealPreMix Plus (SYBR-Green) kit. The final PCR volume was 20 µl, and the PCR conditions were as follows: 95°C for 15 min, followed by 40 cycles of 95°C for 10 sec and 62°C for 30 sec. β-Actin was used as an internal reference to determine the mRNA expression levels of α-SMA, type I collagen, Shh, Smo, and Gli2. The 2^−ΔΔCq^ method was used to normalize values of gene expression. The primer sequences are shown in [Table I](#tI-etm-0-0-5001){ref-type="table"}.

### Western blotting analysis

After 24 h of drug treatment, total cellular protein was extracted from cells. The micro-bicinchoninic acid (BCA) method was used to determine the protein concentration. The proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to a polyvinylidene fluoride (PVDF) membrane, and blocked in Tris-buffered saline with 5% skim milk and Tween-20 (TBST) for 2 h at room temperature. Next, the membranes were incubated overnight at 4°C with primary antibodies (1:1,000). After three washes, the membranes were incubated with the corresponding secondary antibody at 4°C for 4 h. The membranes were washed again, and complexes were visualized using the Bio-Rad ChemiDoc™ XRS system. The gray values of the blots were analyzed using ImageLab 3.0. β-Actin was used as the internal control.

### Statistical analysis

All measurement data are presented as the mean ± standard deviation; the data were analyzed with SPSS 18.0 (SPSS, Inc., Chicago. IL, USA). Data with a normal distribution and homogeneity of variance were analyzed by univariate analysis of variance (ANOVA) and the least significant difference (LSD) test; data without a normal distribution or with heterogeneity of variance were analyzed using a rank-sum test (Kruskal-Wallis H test or Nemenyi test). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Successful extraction of primary q-HSCs

Primary q-HSCs were stained with 0.4% trypan blue after extraction from healthy SD rats, and microscopic examination revealed no staining in over 95% of cells. Based on immunofluorescence analysis, over 98% of the q-HSCs cultured without any treatment for 3 and 7 days exhibited desmin expression ([Fig. 1A](#f1-etm-0-0-5001){ref-type="fig"}). Although the 3-day q-HSCs barely expressed α-SMA, 98% of the 7-day cell spositively expressed α-SMA ([Fig. 1B](#f1-etm-0-0-5001){ref-type="fig"}), indicating that they were completely activated.

### UA inhibits q-HSC activation and transformation

Expression of α-SMA and synthesis of type I collagen are signs of q-HSC activation and transformation. Primary q-HSCs cultured for 3 days exhibit low levels of α-SMA mRNA and protein expression, though the level increases significantly after stimulation with TGF-β1 for 12 or 24 h. Pretreatment with UA or DPI decreases mRNA and protein expression of α-SMA (all P\<0.05). Consistently, q-HSCs stimulated with TGF-β1 for 12 h showed enhanced expression of type I collagen, which was significantly downregulated by pretreatment with UA or DPI for 30 min before adding TGF-β1 (P\<0.01) ([Figs. 2](#f2-etm-0-0-5001){ref-type="fig"}--[4](#f4-etm-0-0-5001){ref-type="fig"}). These results suggest that NOX mediates TGF-β1-induced activation and transformation of q-HSCs and that UA has an inhibitory effect on q-HSC activation and transformation.

### UA inhibits expression of NOX subunits during q-HSC activation and transformation

Western blotting analysis revealed low expression of NOX subunits, gp91^phox^, p67^phox^, p22^phox^ and Rac1 in primary HSCs cultured for 3 days. However, after treatment with TGF-β1 for 24 h, the expression levels of gp91^phox^, p67^phox^, p22^phox^ and Rac1 proteins were significantly higher than those in the control group (P\<0.01). Moreover, pretreatment with UA downregulated expression of these NOX subunits ([Fig. 5](#f5-etm-0-0-5001){ref-type="fig"}). These results demonstrate that UA inhibits expression of NOX subunits during q-HSC activation and transformation.

### UA inhibits expression of Hh signaling pathway components during q-HSC activation and transformation

mRNA expression of Shh, Smo, and Gli2 in 3 day-cultured primary HSCs was evaluated by RT-PCR. Following stimulation with TGF-β1 for 12 h, the levels of Shh, Smo, and Gli2 mRNA expression were significantly increased, whereas pretreatment with UA or DPI reduced this expression (P\<0.05). We further performed western blotting analysis and found that treatment with TGF-β1 for 24 h upregulated expression of Shh, Smo, and Gli2 proteins in 3 day-cultured primary q-HSCs. UA and DPI inhibited TGF-β1-induced protein expression of Shh, Smo, and Gli2. These results show that UA inhibited expression of Shh, Smo, and Gli2 at both the mRNA and protein levels, indicating that UA can block the Hh signaling pathway by inhibiting expression of NOX ([Figs. 5](#f5-etm-0-0-5001){ref-type="fig"} and [6](#f6-etm-0-0-5001){ref-type="fig"}).

Discussion
==========

Inhibiting the activation of q-HSCs and their transformation into MFBs is a promising treatment strategy for preventing hepatic fibrosis. Since 2004, we have screened more than 20 monomers derived from traditional Chinese medicine (TCM) and first discovered that UA selectively induces apoptosis and inhibits proliferation in activated HSCs without inducing liver cell apoptosis ([@b8-etm-0-0-5001]). In the present study, we demonstrated that UA inhibits q-HSC activation and transformation by suppressing TGF-β1-induced α-SMA and type I collagen expression in q-HSCs. The mechanisms for these effects likely involve inhibition of NOX and Hh signaling component expression.

NOX, a multi-component complex that catalyzes the production of reactive oxygen species (ROS), is involved in pulmonary fibrosis, liver fibrosis, cancer and other diseases ([@b11-etm-0-0-5001]). Accumulating evidence suggests a critical role for NOX in the activation of hepatic MFBs ([@b12-etm-0-0-5001]). As NOX-derived ROS are implicated in regulating HSC activation and hepatocyte apoptosis, both of which are essential steps for initiating liver fibrosis ([@b12-etm-0-0-5001]--[@b14-etm-0-0-5001]), NOX is a promising target for anti-fibrosis therapy ([@b15-etm-0-0-5001]). The Hh signaling pathway has an important role in q-HSC activation and transformation ([@b16-etm-0-0-5001]). Furthermore, studies have shown that activation of Rac1 promotes Hh-mediated acquisition of the myofibroblastic phenotype in rat and human HSCs ([@b7-etm-0-0-5001]). Furthermore, the NOX1/4 dual inhibitor GKT137831 suppressed ROS production as well as inflammatory and proliferative genes induced by Shh in primary mouse HSCs ([@b1-etm-0-0-5001]). Thus, NOX may be involved in regulating Hh signaling ([@b17-etm-0-0-5001]).

In the present study, we demonstrated that UA downregulated expression of NOX subunits and Hh pathway components (Shh, Smo, and Gli2) at both the mRNA and protein levels. These results suggest that UA inhibits expression of NOX and Hh signaling genes during q-HSC activation and transformation. To further ascertain whether UA indirectly inhibits Hh signaling pathway activation by affecting NOX, q-HSCs were pretreated with DPI before stimulation with TGF-β1. We found that DPI can reduce Shh, Smo, and Gli2 expression, a result that demonstrates that NOX is involved in regulating the Hh signaling pathway during activation of q-HSCs. NOX derived ROS may regulate the activation of the Hh signaling pathway, as studies have shown that hypoxia-induced ROS mediated activation of the Hh signaling pathway in pancreatic cancer cells ([@b18-etm-0-0-5001]). In addition, We hypothesized that UA may inhibit the TGF-β1 induced Hh signaling activation. Because research showed that UA is an antagonist for TGF-β1 ([@b19-etm-0-0-5001]). There have a cross talks between the TGF-β and Hh pathway in cancer, Gli2 is a direct target genes of TGF-β/SMAD signal transduction ([@b20-etm-0-0-5001],[@b21-etm-0-0-5001]).

In summary, TGF-β1-induced q-HSC activation and transformation can be inhibited by UA. We speculate that the mechanism is, on the one hand, UA inhibit the TGF-β1 induced Hh signaling activation as an antagonist of TGF-β1, on the another hand, by inhibiting expression of NOX subunits ([Fig. 7](#f7-etm-0-0-5001){ref-type="fig"}), which represents the most likely mechanism of the effect of UA on q-HSC activation and transformation.
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![Immunofluorescence was used to detect desmin and α-smooth muscle actin (α-SMA) expression in primary quiescent hepatic stellate cells (HSCs) cultured for 3 or 7 days without treatment (desmin is a marker of quiescent HSCs; α-SMA is a marker of activated HSCs). (A) Desmin expression in primary quiescent HSCs cultured for 3 days or activated HSCs cultured for 7 days without treatment (magnification, ×400). (B) α-SMA expression in primary quiescent HSCs cultured for 3 days or activated HSCs cultured for 7 days without treatment (magnification, ×400).](etm-14-04-3577-g00){#f1-etm-0-0-5001}

![α-smooth muscle actin (α-SMA) mRNA expression and the effect of ursolic acid (UA) intervention during activation of quiescent hepatic stellate cells (HSCs). \*\*P\<0.01 vs. the control group; ^\#\#^P\<0.01 vs. the transforming growth factor (TGF)-β1 group. DPI, diphenyleneiodonium chloride.](etm-14-04-3577-g01){#f2-etm-0-0-5001}

![α-smooth muscle actin (α-SMA) protein expression and the effect of ursolic acid (UA) intervention during activation of quiescent hepatic stellate cells (HSCs). α-SMA protein expression increases significantly after stimulation with transforming growth factor (TGF)-β1 (5 µg/l) for 24 h. Pretreatment with UA (40 µM) or DPI (10 µM) decreases protein expression of α-SMA. DPI, diphenyleneiodonium chloride.](etm-14-04-3577-g02){#f3-etm-0-0-5001}

![Type I collagen mRNA expression in each group. \*P\<0.05 vs. the control group; ^\#^P\<0.05 vs. the transforming growth factor (TGF)-β1 group; ^\#\#^P\<0.01 vs. the TGF-β1 group. DPI, diphenyleneiodonium chloride.](etm-14-04-3577-g03){#f4-etm-0-0-5001}

![Effect of ursolic acid (UA) on the NOX subunits and Hh signaling pathway during quiescent hepatic stellate cell (HSC) activation. Quiescent HSCs were stimulated with transforming growth factor (TGF)-β1 (5 µg/l) for 24 h. Protein expression levels of gp91^phox^, p67^phox^, p22^phox^, Rac1, Shh, Smo, and Gli2 were significantly higher than in the control group. Treatment with UA (40 µM) inhibited expression of these proteins. UA and DPI had comparable effects. DPI, diphenyleneiodonium chloride; Shh, sonic hedgehog; Smo, sterol-4-alpha-methyl oxidase; Gli2, Gli family zinc finger 2.](etm-14-04-3577-g04){#f5-etm-0-0-5001}

![mRNA expression levels of Hedgehog (Hh) pathway components during quiescent hepatic stellate cell (HSC) activation. Quiescent HSCs were stimulated with transforming growth factor (TGF)-β1 (5 µg/l) for 12 h. mRNA expression levels of Shh, Smo, and Gli2 were significantly higher than in the control group. Treatment with UA (40 µM) for 30 min and then stimulation with TGF-β1 (5 µg/l) inhibited mRNA expression of these genes. Ursolic acid (UA) and diphenyleneiodonium chloride (DPI) had comparable effects. \*P\<0.05 vs. the control group; \*\*P\<0.01 vs. the control group; ^\#\#^P\<0.01 vs. the TGF-β1 group.](etm-14-04-3577-g05){#f6-etm-0-0-5001}

![Summary of the study results with pathway.](etm-14-04-3577-g06){#f7-etm-0-0-5001}

###### 

Primer sequences.

  Gene              Primer sequence (5′-3′)   Amplified fragment (bp)
  ----------------- ------------------------- -------------------------
  α-SMA                                       175
    Forward         CTCCCAGCACCATGAAGATCAA    
    Reverse         GGGCGTGACTTAGAAGCATTTG    
  Type-I collagen                             105
    Forward         GGGGCAAGACAGTCATCGAA      
    Reverse         GGATGGAGGGAGTTTACACGAA    
  Shh                                         133
    Forward         ATTGGCACCTGGCTGTTGGA      
    Reverse         GTTGCTTATCTGGCAGTCGCTTC   
  Smo                                         175
    Forward         AGGCAGCCAGCAAGATCAAT      
    Reverse         TCTTGGTAGGCAGCCCAATG      
  Gli2                                        163
    Forward         GGGTTCAGCCTTTGGACATACA    
    Reverse         CGACTCGCTGTTCTGCTTATTCT   
  β-actin                                     150
    Forward         CCCATCTATGAGGGTTACGC      
    Reverse         TTTAATGTCACGCACGATTTC     

Shh, sonic hedgehog; Smo, sterol-4-alpha-methyl oxidase; Gli2, Gli family zinc finger 2; SMA, smooth muscle actin.
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